OPTICAL 1 ATHLENGTHCONTROL EXPERIMENT ON
JPL P ASK B TESTBED

Zahidu 11. Ralnnan? John'I'. Spanos! John O’Brien” and Chengchin Chu!
Jet Propulsion Laboratory
California Institute of Technology
Pasadena. California 91109

1. Abstract

An experimental implementation of a nanometer
level optical pathlength control for large bascline
space interferometry is presented. The pathlength
compensation system is installed on a large flexible
experimental truss, thus structural motions play a
dominant role in the control system design.  The
associated contro] structure interaction) problem is
addressed to maintain the optical pathlength within
the prescribed variation of 10-15 nanometer rms. By
a successful blend of’ a structural control for damp-
ing augmentation anda direct pathlengt h control for
the pathlength compensation, the optical pathlength
variation has been maintained within ¢ nanometer
rins under the laboratory ambient disturbance and
within 9 nanometer rins under a severe forced reso-
nant disturbance.

2. Introduction

The next generation space based astronomical mis-
sions Will requirelarge base'lillc optical interferom-
etry for higher angular resolution and sensitivity.
Figure 1. shows one possible configuration in which
any two of the six collectors forms a large baseline
imterferometer. The astronomic accuracy of such in-
terferometer improves With larger bascline. For the
interferomneter to perform its mission successfully,
the variations inthe length of the paths traveled by
light through the pair of collectors to the detector
must be no more than 15 nanometer rms [1]. An
additional requircment is to maintain the wave front
tilt of the traveling light within few micro-radians
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Figure 1: Focus Mission Interferometer[1)

rms [1]; The complexity of achieving and maintain-
ing these stringent requirements increases as collec-
tors are mounted on large flexible structures. Also a
longer baseline usually Inc’ails a more flexible mount-
ing structure that results in amore severe interac-
tion between the structure and the feedback control
system for pathlength compensation. As aresult,
Control Structure Interaction (CS1) becomes an im-
portant issue in designing auy compensator for the
optical pathlength control.

In an experiment performed by O’Neal and
Spanos[2] a the Jet Propulsion Laboratory (]1'1, ),
the optical pathlength was eficctively controlled to
3 nanometer(rms). The experiment used an optical
configuration that isolated structural motion from
the optical path. The target mirror in the config-
uration was placed on a rigid frarne which was un -
realistic. foran actual space mission.Inaseparate
experiment by the authors [3,.4], thetargetmirror
was placed on the flexible testbed along with the
compensation system. They obscerved a large cou-



})]i]’lg‘ of strut.tura] motion to the optical pathlength
and were able to control the optical pathlength to
approximately 5 nanometer rms. In the setup, the
target mirror and the actuators of the pathlength
compensatlion system were placed in such a way that
it effectively formmed a co-located sensor and act va -
tor systemn. All the structural modes were interact-
ing stably with alead type control as expected of
any co-located system. However few loca modes at
higher frequencies causcd loss of the co-location and
limited the bandwidth of the control loops.

We present results of a pathlength control exper-
iment onthe phase Btestbed with a new optical
setup (option 2 optics) which couples noncolocated
structural motions inthe optical path. The sen -
sor (the target mirror) andthe actuators are placed
ina noncolocated fashion and the travelling light is
bouncing ofl from two flexible booms at the top of
the testbed. In this setup, the direct optical path-
length control alone is not suflicient to achieve the
required performance level of the pathlength varia-
tion due to the fact that the dominant presence of
the lightly damped noncolocated structural modes at
low frequencies (well within the desired optical con-
troller bandwidth) severely limits the bandwidth of
the controller. Damping of selected structural modes
is enhanced by impleinenting a structural control
layer which enables a high bandwidth controller for
the direct pathlength compensation. The controller
maintains the pathlength variation within 6 nanome-
ters rms when only the laboratory ambient distur-
bance is present and within 9 nanometers rins when
aforcedresonant disturbance is induced.

3. JPL Phase B Testbed

To address the control structure interaction (CSI)
issue associated with the! optical pathlength cor 1-
trol, the Jet Propulsion lL.aboratory has developed
a ground testbed facility known as the JPI, Phase
B testbed (figure 2). A detailed description of the
testbed is available inreference [5]. The testbed is
aneight foot tall truss structure cantilevered at the
base and equipped with an optical motion compen-
sation system.

The optical element on the testbed represents a
delay line for optical pathlength compensation for
a stellar interferometer telescope. The direct path-
length control (also known as optical delay line con-
trol) with laser trace to simulate star light is shown
in figure 2. The delay line is equipped with a pri-
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Figure 2: JPL Phase B Testbed with optical delay-
line and option 2 optics. Laser simulates starlight

mary parabolic mirror and a secondary plane mir-
ror placed at the focal point of the primary wirror.
The whole mirror setup is rigidly mi-caged in an alu-
minumn trolley suspended fromthe structure with
soft flexures. The secondary mirror is driven relative
to the trolley by a balanced P71 (piczoclectric) ac-
tuator for fine pathlength adjustment and the whole
trolley is driven by a voice coil actuator for coarse
pathlength compensation. The optical behavior of
the setup is more like a retroreflector with a capa-
bility of providing coarse (millimeter)to very fiat
{nanometer) pathlength compensation over a wide
frequency bandwidth. Since the delay line compen-
sation system and the target retroreflector are in-
stalled (figure z) on the truss booms along X aund
Y directions respectively, the inotion of the latter
boom causes the loss of act uator-sensor co-location.
We call this optical setup as option 2 optics ou Phase
B testbed Structure,

In the pathlength compensation system, Retroreflec-
tor and Plane Mirror Interferometry arc combined
such that the optical alignment is maintained under
translational and rotational motions. This optical
configuration, as compared to retroreflector interfer-
ometry or plane mirror interferometry,is less likely
to lose its alignment due to the structural vibration.
The laser beam passes eight times through thetrol-
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Figure 3: Active and passive dampers embedded into

JPI. Phase B Testbed

ley, as compared to two times in retroveflector inter-
ferometry or four times in plane mirror interferotne-
try, resulting in an enhanced laser metric resolution.

The testhed isaso embedded with four passive Homn-
eywell viscous dampers [12] and four piezoclectric
active members for structural coutrol to augment
modaldamping (figure 3). The stiffness and the
damping cocflicient of the passive dampers are fixed
ic,cannot be atered. However these properties of
the active members can be tuned through feedback
loops. For this purpose, a force sensing load cell, to
measurc the force exerted between the active mnem-
ber and the remainder of the structure, and arelative
position sensing eddy current sensor, to measure the
extension of the member/structure, are present in
cach active member. These active members are high
voltage piczoclectric stacks and arc driven by high
voltage Kamanpower amplifiers.

4. Structural Control

Due to the presence of light damping in the truss
structure and the noncolocation of the optical set up,
design o f a robust high bandwidth and high au-
thority optical pathlength compensator is impossible
without augmenting structural damping. The fre-
quency response functions (FRF) of voice coil (VC)
t 0 the laser pathlength variation are shown in fig-
ure 4. The 'RF with no structural control (ic,
without damping augmen tation), represented by the
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Iligure 4: Voice coil to optical pathlength frequency
responsc function before andafter structural control

dashed line, contains a large number of very lightly
damped modes and some of which are noncolocated.
It turned out that a low bandwidth and moderate
gain voice coil compensato r, that can be designed for
the undamped structure with recasonable gain and
phase margins, is not adequate to achieve the per-
formance level that is required for maintaining the
optical pathlength variation to less than1s nanome-
ter1'11)s,

Four passive dampers and four active members are
deployed to make the structu re quict and to enhance
the damping of the structural modes specially in the
ncighborhood of a moderately high cross-over fre-
quency Of the voice coil controller. The locations of
the active ant] passive members are chosento max-
imize the energy dissipation of the specific set of
modes using the maximum strain energy criterion
[6]. Simple co-located integral force feedback (11'17)
loop s (described below) [7] are closed around the ac-
tive members to achieve the impedance (defined by
the ratio of velocity to force)match[8,9} for anop-
timum damping performance. Modes at higher fre-
quencies are targeted by the active members because
of their tunability. The FRY of voice coil to the laser
pathlength for the damped structure (figure 4) and
the disturban ce transmission function (figure 5) from
a disturbance shaker input to the laser pdthlcngth
show asignificant enhancement of damping for vari-
ous structural modes for up to 100 Hz. The damping
in the major modes has been increased to above 5%
of the critical damping from fractions of apercent
inthe undamped strut.tule.

The concept behind matching impedance of an ac-
tive member to that of the structure is based on
increasing damping for maximum vibrational power
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dissipation. It canbe shown thatin order to eflect
amaximum rate of criergy dissipation through the
active member, the impedance of the active mem-
ber should be equal to the complex conjugate of the
structural impedance Z,, ) at the interface point
between itself and the active member[4]. Meeting
this condition exactly on flexible structures is not
practical for two rcasons. The first reason is that
lightly damped structures containsharp resonances
intheirimpedance functions that are highly sensitive
to perturbationsin structural characteristics such as
natural frequency. It is extremely difficult to pre-
cisely match these resonances. The secondreason is
that the complex conjugate of the impedance of a
structure is a non positive-real function that cannot
be approximated over a broad frequency range with
stable electrical circuits. Alternatively, if the active
member’s impedance is made equal (matched) to the
smoothed average impedance of the structure, an
excellent damping performance is achieved. Int his
case, poles and zeros of the combination are moved
further leftinthe negative half of thecomplex plane
instead of pushingthem towards negetive infiniity.

Figure 6 describes a complete integral force feed
back control system for enhancing modal damping,
by matching impedance of an embeddedactive mem-
ber to that of the structure attihe interface. The
areact iclosed by the dashed tine represents an active
m cmber embedded in the structure where voltage
V(s) (to drive the active inember) is the input and
relative position X (s) from eddy current sensor aid
force I'(s)fromn load cell are the outputs. Zy(s) is
the openloop active member impedance when volt -
age V(9) is held to a constant bias value. It is es-

Pigure 6: Active damping via Integral Force Feed-
back (11'})

sentially a spring with stiffness K, and immpedance

S

Zo(S = ]\',a. (])

A(s) is the ratio of velocity X (s) to applied voltage
V(s)when form F'(s) is held to zero and is given by

A(s) =K., (2)

where IK,,, is the active member constant and is ye-
lated to the stiffness i, by the following relation

n

]'am Sy (
em TR (3)

where n is linearly proportional to the piezoelectric
charge coeflicient of the material, nu mber of piezo-
electric wafers stacked inthe member and the volt-
age amplifier gain. Z,.(s) is the impedance of the
structure without the active member as it appcars
at the interface point of the structure and the mem -
ber. It is a function of the structural property and
the controllability (or equivalently observability) at
the interface point and contains all the modes that
arc colltrc)llable/observable from the interface. The
integral force feedback loap is closed through block
K, (s) which is a pure integrator withgain iy,
K,

(4)

S

Theloop transmission from poiut 2 to point|isthe
active member’s closed loop impedauce Z.(s) as it
appears to the structure and is depictedinfigure



. 6. loray active. member, velocity relates to applied

voltage, member’s open loop stiflness and imposed
force by the following relation

X(8) = V(8)Kans 4 1'(8)Z(s). (5)

The velocity expression is a superpositi on of two
components: the first component is due to applied
voltage V(s) and the latter one is due to imposed
force 1(s). Yorce I'(s) develops due to the fact
that themember is embeddedinto the structure wit h
impedance of 7,,,(s). For Integral orce Feedback
(JFF), the input voltage to the active member has
the following form

I
v(s) :]/‘(s)»zl . (6)
Substitution of equation 6 into equation b yields
X(s) = F(s)Filaus -{ 1'(s)Z(s)
= 1(8)[K g W1 4 Z0(5)]. (7)
X (s ,
ZC(S) z (Q) = ]\y]-h am 1 ZO(S). (8)

I(s)

Fquations 1 and 3 arc substitu ted into the equation
above which yiclds
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Lquation9 shows that tile closed loop active mem-
ber, as it appears to the structure, is equivalent to
a scries combination (figure 7) of a damper and a
spring with damping cocflicient of ;f;gl and spring
stifiness of K, respectively. The problem with this
configuration is thatit posses no static. stiffness and
will accommodate undesirable permanent deform -
tion. However, the stiffness of the member at and
near DC can casily be improved by adding a st
order high pass filter to the compensator. In our
experiinent @ high pass filter with (-3dB) roll ofl at
1 Hz(wo= 6.28 rads/see) is provided for theload
cell of cachac tive member. The resulting K(s) is
a Ist order low pass filter with pole at - w,. The
clod loop active member behavior is modified to
an elastically coupled damper as depictedinfigure
8 and the final impedance is given by
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Pigure 7: Active member closed loop hnpedance
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Pigure 8: Active member closed loop iinpedance
with high pass filter

The stiffness of the spring parallel to the damper is
{'fl’\flﬂ. This modification is necessary to recover the
staticshape of the structure under no-load condition
andto void saturation of the integrator audtlie ac-
tive member.  Finally, an approximate limpedance
match is obtained by adjusting the value of A’,.
Also, one has the option of modifying the value of

wWo to inprove the match.

The question arises of how the presence of one or
multiple closed loop active members ina  structure
affects stability. Due to the fact that a closed loop
active mein ber app cars to the structure as 7Z.(s)
which emulates a passive damper in the frequ ency
range of w > 0 since Z.(jw) > 0 for w > 0 (figure
9), presence of oneor multiple active members in
anon-unstable structure do not cause instability in
the structure. And coupled with this is the fact that
the sensor and actuator of the active member are
co-located, stability of thesystem is robust.

The structural impedance 7, (s) is determined by
exciting the structure with theactive member, and
measuring the ratios of the velocity across the active
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Figure 9: Plot of Z,.(jw),w > 0
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IFigure 10: Control system Architecture

member to the force exerted by it. The iinpedance
Zy(s) of the active memnber without feedbackis ob-
tained by exciting the structure with a disturbance
«uee (@ shaker) attached to the structure, and mea-
suring the ratio of velocity to the fore.c at theactive
member.

5. Direct Pathlength Control

The direct pathlength control (or optical delay line
control) is designedto provide coarse (millimeter)
to very fine (nanometer) pathlength compensation
over & wide frequency bandwidth. The coarse and
fine compensations are provided respectively by the
voice coiland the 1'7,1"actuators that are presentin
the delay line.

The architecture of this two input (voice coil and
P 771} and one output (pathlength) control system is
shown in figure 10. Use of a similar architecture in
pathlength control experiments has been reported in
references [2,3,10]. G(s) and G'2(s) arc the trans-
fer functions respectively from P71 and voice coil to
the pathlength, and K" (s) and K5(s) are the com-
pensators respectively for the P71 and the voice cail
actuators. Note that the output of the PZT con-
troller (K1(s)) drives both the PZT actuator and the
voice coil controller (A2(8))-The open loop transfer
function for the systemn with the given architecture
IS

L= K{(Gy 4 K2G2) (1)

The objective is to designthe two compensators
K (s) and Ko(s) such that the closed loop system
is stable with adequate gainand phase margins, and
the total loop gain |L(jw)] is large over the largest
achievable bandwidth since the disturbance rejection
is proportional to |L|when|L| is large. The follow-
ing propertics are observed from equation (1):

1, ~ K{K,Go when Ko2Ge>» 1 (12
L~ K\Gy when K,Gh <« 1 (13)
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Figure 11: Bode plot of optical control

At low frequency wherethe voice coil loop gain

is large, the total loop gain is equal to theprod-
uct of the voi ce coilloopandthe P71 compensator
gains. At high frequency, thetotal loop gainap-
proachies the PZT loop gain as the voice coil 1oop
pain approaches zero. A's a resull, at low frequen-
cies where the pathlength variation is normally large,
the voice coil forward loop (K2(s)G2(s)) being dom -
inant prevents the limited stroke length PZ1" ac-
tuator from saturation. At high frequencies where
the pathlength variation is smaller, the P71 forward
loop (K;(s)Gy(s)) is dominant and relieves the lim-
ited frequency bandwidth voice coil. Bode’s classi-
cal control design methods [11] are used to design
compensators K(s) and Ko(s) to shape the open
loop system in the frequency domain. This design
methodology, unlike mode.m control design meth-
ods, does not require an explicit parametric model
of the plant but rather uses the measured frequency
response functions to synthesize the compensators.
With the classical technique,the smoothblending
of the two controllers having authorities a two dif-
ferent frequency ranges is simpler than it would be,
if possible’, withmodern control design methodol-
ogy. Controllers arc designed one loop at a time.




The voice coil controller is designed to stabilize the
system assuming thatit is driven by the pathlength
measurement and the the PZT actuator is discon -
nected. The controller is an 8th order filter includ -
ing a 2nd order lead filter to provide adequatephase
margin at the cross-over frequency (approx. 351z)
followed bysceven2nd order notch filters (-3 dB) to
provide additional gain margin over 7 loca modes
at the high frequencies.

The controller for the P71 consists of a first order
lag filter and asecond order low pass filter. T'he
lag filter provides a high gain at low frequency for
good disturbance rejection and the low- pass filter
provides at high frequency a -20 dB/dec steep gain
roll ofl with an adequate phasc narginfor stable
control structure interactions, The PZ7T control loop
bandwidth is limited to approximately 500 Hz duc
to high frequency noise and digital implementation
delay. The Bode plot of the optical control loop gain
is shownin figure 11.

Both control laws arc discretized using 1)ole-zero
mapping with zero padding. Thic eflects of time de-
lays duc to the computer iinplementation and the
zero order hole] arc incorporated indetermining the
actual phase margin. The low bandwidth voice coil
controller and the high bandwidth PZ7T controller
arc implemented at 2000 Hz and 10000 Hz respec-
tively.

6. Experiment

The PZT controller &y and the voice coil controller
Ky are iinplemented respectively inV3k/50MHz
and V315/20MH z single board computers (SBC)
with a VME bus interface. A third V30/25M iz
single board computer is employed to synchronize
the control activity and store thetime data for later
analysis. All programsare written in Clanguage
and ulilize VxWorks routines for timing the control
loops.

A Tektronix 2630 network analyzer is used to de-
rive all the frequency response functions (FRIY). A
combination of bandlimited white noise andsine
swept inputs arc used to generate the FRI's with
high coherence levels.  The PZT actuator to the
pathlength ¥R} is fairly unaflected by the flexibil-
ity of the structure because the mass of the primary
mirror on the P7Z7T actuator is smallandthe PZT
actuator is reaction compensated. The cornpensa -
tion is achieved by installing another PX’]" actuator
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Figuie 12: Disturbance attenuation due to struc-
turai and optical control

reacting equally in the opposite dircction of the con -
trol I'Z']" actuator. However asmall flexible local
mode is present at shout 700" 1z.The phase of the
I'R¥ has aslope of -70 ps, while the magnitude is
relatively constant. T'his delay is found to be caused
mainly by the time delay of the data transfer from
the laser metric system to the analyzer.

"T'he voice coil to the pathlength FR I (figure 4 ). with-
out structural control is significantly affected by the
structural flexibility. The dominant peak at 0.7 Hz
(not shown in the figure) is due to the flexure that
attaches the trolley to the truss. All other peaks
in the FRF correspondto structural modes of the
truss. At 80 11z the phase drops rapidly while modal
density and plant uncertainty increases considerably.
This lead us to limitthe voice coil loop bandwidth
to a frequency lower than 80 Hz. Notice that all the
modes below 80 Hz in the FR} are not co-located.
(Co-located modes arc indicated by aternating poles
and zeros, ) These noncolocated modes severely lim -
its the bandwidth of the voice coil controller which,
along with the 17’1’ controller, is unable to main-
tain the pathlength withinthe prescribed variation.
As mentioned before 4 passive and 4 active dampers
are deployed to damp out these noncolocatedmodes
sie @ Voice coil controller with large bandwidthand
adequate stability marginis designed.

The first experiment is carried out to determinethe
disturbance transmission to the pathlength from a
disturbance shaker attached at thcinid bay area of
the vertical column part of the truss, The dashed
line in figure 12 illustrates the disturbance trans-
mission function from the shaker to the pathlength
whenno structural control (no damping augmenta -
tion) and no direct pathlength control are present.
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One can very casily see the very lightly damped
structural resonances in the pathlength output. Th e
solia line inthe figure is the transmission function
whenboth structural and direct pathlength controls
are deployed. Thedisturbance rejection is very dra-
matic ranging from-80dB at the low frequencies to
-30 dB at 100 1z. The bandwidth of the controller is
experimentally deterinined to be approximately 500
Hz. However, as expected, in this region the distur-
bance attenuationis very low.

Two additional closed loop experitnentsare carried
out the first one is to reject the ambient labora-
tory disturbancesandthe second one is to reject a
forced resonant disturbance (at 7.3 1z) induced by
the disturbance shaker. in both experiments, after
recording open loop pathlength histories for five sec-
onds the control joops are closed and the closed loop
pathlengthhistories are recorded for additional five
seconds, Theopen loop pathlength variation due
to the laboratory amnbient disturbance has been re-
duced 1o 6 nanom cter rms from 1.3 micrometer rms

a disturbance rejection of -47 dB. A spectral analysis
of the open loop and the closed loop dataindicates
that theachicved bandwidth is approximately 450
llzand a large part of the closed loop pathlength
error is due to thenoise at frequencies beyondthe
controller bandwidth. I'igure13 illustrates the the
resonant response experiment. The first five second
of the response is clearly dominated by the 7.3 Hz
resonant disturbance input to the structure. The
closed loop response is down to 8.5 nanometer from
5.6 micrometer a rejection of -57 dB.

7. Conclusion

We have successfully designed and implemented an

optical pathlength control systc’in o11 the JP1 phase
B flexible testbed for future space optical interfer-
ometry. The control designs have!l been carried out
in the classical frequency domainby directly shap-
ing the measured input output relations, Thestruc-
tural control which enhancesthe structural damping
has enabled the high bandwidth pathlength control
for theimproved performance. |11 order to increase
the compensationrange over a large bandwidth, a
smooth handshaking of two controllers having au-
thorities at two diflerent frequency ranges has been
cffected. Ixperiments have been carried out to de-
termine the disturbance transmission function and
the effective rejection of the laborato ry ambient and
induced resonant disturbances. Theresults so far
has confirmed that a nanometer level optical path-
length control is feasible inspace. 1t should be men-
tioned here that the issue of optical wave front tilt
control has not been addressed yet and is now a topic
of research at J'].,.
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